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"The Physical and Chemical Characterization of

Electrochemically Reformed Silver Surfaces"

John F. Evans, M. Grant Albrecht, Dale M.
Ullevig and Robert M. Hexter

(Department of Chemistry, Unlversity of Minnesota,
Minneapolis, MN 55455 USA)

Abstract

The effects of electrochemically oxidizing and reducing polycrystalline
silver toils in aqueous chloride solutions are studied from a physical and
chemical standpoint. Scanning electron microscopy indicates that the result-
ing surface is extremely rough, consisting of nodular formations. Auger
electron spectroscopic, secondary ion mass spectrometric and electrochemical
results provide clear indication that a highly purified layer of metallic
silver of increased surface area and activity is produced by the electro-
chemical reformation process. No evidence is found for the retention of
intense Raman scatterers such as pyvridine at these surfaces under ultra-
high vacuum conditions. The implications of the chemical and physical state
of the reformed silver foils is discussed in the context of theories which
have been proposed to explain the anomalously intense spectra of Raman

scatterers adsorbed from solution onto these reformed silver surfaces.
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Recently there have appeared several reports of anomalously intense Raman

spectra of molecules and ifons adsorbed at electrochemically prepared silver
surfaces [1-12]. For the majority of these studies an electrochemical pretreat-
ment has been required to obtain optimal intensity in the Raman spectrum of the
adsorbate [1-7, 10-12]. These observations (primarily but not exclusively in

the case of pyridine adsorbates) have led to the proposition of several different
theories to account for this phenomenon, most of which have assumed that the
adsorption of the scattering molecule (or ion) takes place at a pure silver
surface of flat topography (relative to the wavelength of exciting radiation).
These assumptions have prompted a thorough physical and chemical characterization
of such surfaces in order to provide, insofar as possible, a basis for further
theoretical considerations. We report here the results of these studies in which
we have restricted the investigation to polycrystalline silver foil substrates
prepared by electrochemical cycling in aqueous potassium chloride.

The electrochemical procedure consists of first anodizing the surface to
generate a silver chloride layer, followed by its reduction, presumably to yield
a reformed layer of pure silver. The mechanism by which this reformation process
occurs may be summarized by the following sequence of dissolution, complexation,

transport and deposition after Katan, et al [13]:

Ag 2 Agt + e (1)

agt + (n+l)c1- 2 Agcf(:ﬂ) (2)
-n —

AgCl(n+1) 2 AgCl(s) + n Cl (3)

The sequence 1 - 3 represents the anodization process while the reverse represents
cathodization. It should be noted that for either process the dissolution site
and deposition site are different and that there is evidence for preferential

nucleation sites [13].
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Scanning electron microscopic (SEM) studies were carried out to provide
information regarding the topography of the reformed surface. Controlled poten-
tial electrochemistry has been utilized to probe both the physical and chemical
changes associated with the reformation process. The surface sensitive
techniques of secondary ion mass spectrometry (SIMS) and Auger electron spectro-
scopy (AES) were employed to provide more direct chemical information about
the reformed silver surface. Depth profiling using both AES and SIMS detection
has allowed for the evaluation of variation in elemental composition at the
reformed surface, in the '"bulk" of the reformed layer, at the interface between
the reformed layer and the unmodified substrate, and in the bulk of the

substrate.

2 4%

Reagents. The solvent used was deionized water further purified by double
distillation from potassium permanganate and stored in previously leached
glassware. High purity (99.99+X) polycrystalline silver foil was the substrate

for all experiments (see Sample Preparation). Potassium chloride, potassium

perchlorate and sodium chloride were analytical reagent grade and used as
received. Nitrogen, oxygen and argon were ultrahigh purity grade. Pyridine
was reagent grade and used as received.

Apparatus. Two ultrahigh vacuum instruments were used in this study. The
first,a 3M SIMS spectrometer,was used for recording static SIMS spectra [14]
and depth profiles employing SIMS detection, since it was equipped with a raster-
able ion gun in which the sputtering gas could be directly introduced into the
ion gun source. This allowed for dynamic pumping of the sample chamber during

static SIMS experiments using fon pumping augmented by a liquid nitrogen cooled
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cryopanel. As such,the partial pressures of residual gas contaminants were
minim{zed during analysis. A second instrument, a Physical Electronics
Industries Model 548 ESCA/Auger electron spectrometer equipped with an Extra-
nuclear quadrupole (2-1000 amu range),was used for multi-technique analyses.
AES, dynamic SIMS and depth profiling using AES detection were recorded using
this instrument which employed a fixed beam, variably focusable ion gun.
Sputtering was carried out in a back-filled mode. The sputtering gas was in
all cases argon.

Both surface analysis facilities were equipped with signal averaging
capability. During all SIMS analyses ion counting was used. Auger spectra
were recorded in a non-retarding analyzer mode using analog detection and a
} eV modulat{on amplitude. As discussed in the text, minimal power in the
focused primary beam (1 KeV at 5 uA target current) was used for most AES
analyses. For each sample so analyzed changes in the AES spectra were monitored
as a function of electron beam exposure, and AES peak intensity ratios were
calculated by extrapolation to zero exposure time. The base pressure for all
analyses was < 1 x 1077 torr. This vacuum was attained without bakeout to
insure that annealing and diffusion effects in the silver samples were minimized.

Scanning electron microscopy was conducted using a JOEL JEM-100 cx/ASID-4D
with an ultimate resolution of 30 A. Samples to be examined via SEM were removed
from the electrochemical cell, briefly cleaned ultrasonically in doubly distilled
water, and allowed to air dry.

All electrochemistry was carried out using a three electrode potentiostatic
system. The electrochemical cell was a closed vessel designed such that the
reference electrode (Ag/AgCl, 1.00 M KC1l) probe was centrally placed normal to

the plane of the working (Ag foil) electrode at a distance of ca 0.1 in from
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its face. The platinum auxiliary electrode was located in a separate compart-

ment. This configuration allowed for minimization of lateral variation in

applied potential thus promoting optimally uniform film growth. All working

2

2 in area. Deoxygenation of electrolyte was accomplished

electrodes were 1.54 cm
by purging nitrogen through the medium pore glass frit separating the auxiliary
and electrolysis chambers. Oxygen saturation of electrolyte was accomplished
in a similar manner.

Sample Preparation. Tables I and II summarize the details of the prepara-

tion of the various sample types.

A )
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Although controlled potential electrochemistry in the context of the present
study has been utilized as a preparative technique employed to generate anodized
and reformed silver films, there are several electrochemical observations which
are pertinent to the understanding of the physical and chemical nature of these
electrochemically modified silver surfaces. From a physical point of view, cyclic
voltammetric responses provide a means of estimating the change in electrode
capacity (in the double layer potential region) as a consequence of the reforma-
tion process. In terms of the chemical nature and activity of the silver film
formed by electrochemical cycling procedures, we have found that an examination
of the electrochemical current-voltage responses for the reformation process
itself in the presence and absence of oxygen, as well as the voltammetry for
oxygen reduction at mechanically abraded and reformed silver surfaces, to be
particularly informative.

The cyclic voltammetric responses recorded during the reformation process

are shown in Fig. 1 for the case of an oxygen-free solution and one in
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which the solution was saturated with oxygen (0.3 mM, [15]). Although the curves
are virtually identical during the anodization step, a distinct excess of
cathodic charge passage 1s evident in the case where oxygen is present in the
electrolyte. Furthermore, the current transient here does not return to zero
after the majority of the silver chloride has been reduced to the metal at
ca -0.3 V. This result strongly implicates the existence of a chemical oxida-
tion pathway for silver chloride formation which is operative in parallel to
the electrochemical process (anodizaticn), and this chemical pathway involves
oxygen either directly or in a reduced form such as Hy0,. This conclusion is
substantiated by the various surface analyses discussed below.
The cyclic voltammetry of Op-saturated 0.1 M KCl at a mechanically
abraded silver foil (type A sample, Table 2) is given in Fig. 2, curve B in
which the potential excursion is confined to the double layer region (as shown
by the background voltammogram, curve A). A broad irreversible wave for the
reduction of oxygen§ is found with a peak potential at -0.55 V. Following the
electrochemical reformation process, the peak potential for the oxygen reduction
process is shifted anodically (Fig. 2, curve C) to -0.40 V under the same solu-
tion conditions. This shift of some 150 mV provides clear indication of the
increase in the number of electrocatalytic sites for oxygen reduction on the
reformed surface compared to the mechanically abraided foil. Examination of
the voltammetric behavior of these same electrodes in oxygen-free solution at
higher current sensitivity shows that the charging current on the reformed surface
§There is currently considerable disagreement regarding the mechanism of oxygen
reduction, particularly as to the number of electrons involved in the initial
step. Certain arguments favor the initial monoelectronic reduction of molecular
oxygen to form superoxide radical anion (03°) which is rapidly protonated and
disproportinates to yield hydrogen peroxide and molecular oxygen. Others favor

a scheme in which there is direct two electron reduction heterogeneously to yield
hydrogen peroxide. For detailed discussions see references [16-19].
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is ca 3 - 4 times larger than that found on the mechanically abraded electrode

in agreement with the observation of Giles [20]. It is reasonable to assume
that this change in charging current arises primarily as a consequence of a

much increased surface area in the case of the reformed surface.

A RSRRRAREAFAR SRR ASE RRARRY

Scanning electron micrographs at moderate magnification show the reformed
surface to be significantly altered during the electrochemical cycle (Fig. 3).
The reformed silver surface is composed of nodular deposits [13,17,21] which
grow three-dimensionally [13,20] during the reduction of the anodically generatea
silver chloride film. At low values of charge passed (50 mC/cm?), the reformed
silver does not completely cover the foil substrate as shown in Fig. 3A. While
a calculation based on the bulk density of silver would lead one to predict such
a layer to be ca 500 X thick if uniform lateral growth prevailed, it is apparent
from the above micrograph that the growth of the reformed layer has proceeded
at preferred sites in a non-uniform manner with nodule heights and lateral spacing
ranging from ca 6000 to 10,000 A. When higher amounts of charge are passed
(500 mC/em?, Fig. 3B) the nodule size appears to remain relatively constant,
while the gross spacing between the nodules decreases to ca 3000 R on the average.
At higher magnification (Fig. 3C) inter-nodule clefts and boundaries [13]
become more apparent, suggestive of the growth of nodules both on top of and
fnto one another. These clefts are on the order of 50 - 100 A across, and
they may be involved in the capillary condensation model recently proposed [22]
to account for the observed potential step Raman spectroelectrochemistry [6] of
pyridine at this reformed surface.§

§Small pores of diameters less than the resolution of the SEM (<30 R) may also
contribute to this phenomenon.
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It should be noted that when even thicker layers (7500 mC/cm? of charge
passage) are subjected to prolonged ultrasonic treatment (3 - 4 h) in water,
some of the nodules become separate from one another and are physically shaken
from the surface, the smaller ones forming relatively stable colloidal sus-
pensions. Since this was not the case for the thinner reformed surfaces
(50 mC/cm?), it is proposed that the inter-nodular clefts are quite deep. In
no cases were crystallites observable in the reformed layer [13]. It is con-
ceivable that minute dendrites or needles were present initially on the
nodules immediately after their formation, but that either during removal from
the electrochemical cell, transfer to the SEM or examination via SEM this
structure collapsed to that which is observed. However, we stress that if
such surface structures do exist and collapse when the surface is disturbed,
they are apparently not required for the observation of enhanced Raman scatter-
ing intensities from adsorbed molecules, since the reformed surface may be
removed from the electrochemical cell and still exhibit the enhancement

phenomenon (7].

SRR RRSRESHERALARY

The AES spectrum of a freshly prepared, mechanically abraded silver foil
(Fig. 4) shows relatively high levels of sulfur-, chlorine- and oxygen-
containing contaminates as well as trace carbon contaminates levels, all of
which can be completely removed by brief argon ion etching. If such a foil
is subjected to the electrochemical reformation process and rinsed with water,
high levels of KCl contamination from the electrolyte are noted (Fig. 5).

The reformation procedure also results in considerable diminution of the
surface oxygen content and near-elimination of carbon contaminates. If an

analogously prepared reformed surface is briefly washed ultrasonically in
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water to remove residual KCl, the AES spectrum of the resulting surface
(Fig. 6) indicates that the KCl deposits have been efficiently removed by
this procedure. We therefore conclude that the KC1 was probably trapped in
the porous network discussed above. There still remains, however, a high
level of surface chlorine, probably in the form of AgCl (see below). Surface
oxygen content {s also noted to decrease to a nearly undetectable level
after ultrasonic washing, indicating that the previously observed oxygen con-
taminate (Fig. 5) is predominantly water retained in the KCl deposits. It
should be noted that the sulfur containing contaminates always observed on the
mechanically abraded surface (Fig. 4) have been eliminated as a consequence
of the electrochemical reformation cycle.

1t was of interest to compare the AES peak-to-peak intensity ratios found
for bulk silver chloride to those found for the residual AgCl on the reformed
surfaces, such that an estimate of the thickness of the silver chloride film
in the latter case might be made. In attempting to obtain a standard reference
spectrum of silver chloride formed anodically in aqueous KC1l (Fig. 7) it was
noted that electron beam damage was prevalent. Consequently, the primary beam
energy and current density were reduced for AES analyses and all samples were
repetitively analyzed as a function of time. Such a procedure for thick
(ca 5000 ) AgCl films is compared in Fig. 8 to a depth profile obtained
using 1 KeV argon ion etching. It is clear that although a steady state Cl/Ag
ratio is attained more rapidly in the ion~bombarded example (curve A), this
ratio is approached when the sample is subjected to electron beam exposure
alone (curve B). Extrapolation of either damage profile to zero time permits

an accurate evaluation of the AES peak-~to-peak intensity ratios.
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The presence of a high chloride level on the reformed silver surface was
not anticipated, and as a consequence considerable attention was given to the
determination of possible sources of the AgCl found on the surfaces. The results
of these experiments are summarized in Table 3 where the AES intensity ratios
have been corrected for damage as discussed above. No elements other than those
listed in Table 3 were detectable. These data suggest that the source of
residual AgCl on the reformed surfaces arises from the simultaneous exposure
of silver surfaces to oxygen and aqueous chloride. (Compare sample types G-I
with J, K.) Although the residual AgCl level was suppressed by excluding
oxygen during the preparation of sample types G and J, the formation of some
AgCl could not be completely prevented. The electrochemical reformation process
is not prerequisite to the observation of AgCl, and therefore it must be assumed
that the AgCl is not a consequence of incomplete charge recovery during the
reduction step of the reformation procedure.

tlydrogen peroxide is a significantly more effective oxidant for silver than

is dissolved molecular oxygen, since the Cl/Ag intensity ratio for peroxide

treated samples is essentially the same as that found for the anodically grown

AgCl control. Both this control and the peroxide treated sample are exceptionally
clean~-silver and chlorine being the only detectable elements. On the other

hand, it should be noted that although AgCl is formed to a certain extent when
mechanically abraided silver surfaces are exposed to aqueous chloride solution,
significant sulfur and carbon contamination persist. More prolonged ultrasonic

treatment of these foils in chloride solution saturated with oxygen did not yield

e i R LA A
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lower sulfur and carbon contaminate levels, and this may indicate” that these

5Unfortunately, the gross difference in surface topography does not permit a mean-
ingful quantitative comparison of the Cl/Ag ratios found for these surface types.
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contaminates protect certain silver sites from oxidation by molecular oxygen

followed by AgCl formation.

A SSSORVENARR SRR AREEARRELEY

Owing to its vastly increased sensitivity over AES, the SIMS technique was
utilized to further characterize the reformed silver electrode surfaces. In
order to facilitate the presentation of positive ion SIMS (POSSIMS) and negative
ion SIMS (NEGSIMS) data, the appropriate m/e peak assignments are given in
Table 4. The SIMS results are generally supportive of those obtained using
AES, although trace levels of species not detected by AES are readily observed
using SIMS. While examination of the various surfaces by the SIMS technique
was easily carried out in the static mode [14], it was found that the low
ion yields for subsurface regions of either the reformed layer or bulk silver
foil required higher primary beam current densities (dynamic SIMS ccnditions).

The static POSSIMS and NEGSIMS spectra of an anodically grown AgCl film
are shown in Figs. 9A and 9B, respectively. These spectra indicate that trace
impurities of sodium, aluminum, potassium, chromium, iron, copper, oxygen,
fluorine and bromine are present on the electrochemically generated AgCl
surface. Hydrocarbon contamination is low and sulfur contaminates, if present,
are below detectable levels in contrast to their prominence in the NEGSIMS
spectra of mechanically abraded foils. AgCl+ and Ag2Cl+ clusters are readily
observed. On the other hand, clusters indicative of the formation of silver
oxides during anodization (e.g., AgOH+ which is readily observed at 0.2 times
the Ag+ peak height in POSSIMS spectra of foils anodized in aqueous per-
chlorate solutions) are distinctly absent. It is interesting to note the pres-

ence of peaks corresponding to the Clz_ species in the NEGSIMS spectrum, since
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this species must arise from a recombination or rearrangement process during
sputtering {23].

A sample which was subjected to both anodization and cathodization, but not
ultrasonically cleaned in water prior to static SIMS, showed the anticipated
(from AES) high levels of clusters such as K?+. K3C1+, KAg+ and KAgCl+ in the
positive ion spectrum (Fig. L0A). Analogous species were observed with sodium
replacing potassium in these clusters when the electrolyte was aqueous sodium
chloride instead of the potassium salt (type F sample, Table 2). The NEGSIMS
spectrum (Fig. 10B) indicates lower levels of fluorine contaminate, higher
hydrocarbon content and bromine is present at a level nearly two orders of magni-
tude higher than on the sample which had undergone anodization only. Several
unique clusters are observed in the negative ion spectrum as well, such as
ClBr , KCl, and AgCN . Similar POSSIMS and NEGSIMS spectra were recorded for
a KCl-contaminated foil (type B sample, Table 2).

Reformed silver surfaces subjected to ultrasonic cleaning prior to static
SIMS analysis yield spectra which are quite different from those observed for
samples which were not cleaned in this fashion prior to analysis. 1In the POSSIMS
spectrum (Fig. 11A) the potassium peak is diminished by two orders of magnitude
and the potassium-containing clusters are absent. Copper contamination is found
to be notably higher; indeed, an AgCu+ cluster {s detected. Presumably this
contaminate has its source either in the water or the electrolvte or both, and
is electrodeposited during the cathodic sweep of the electrochemical cvcle.

The presence of AgCl is noted by the appearance of Angl+ clusters in the POSSIMS
sectrum. The primary distinction between the negative ion spectrum for this
sample (Fig. 11B) and the previous case (no ultrasonic wash) is the significant

reductfon in the intensity of the bromine peaks. This result points to the
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electrolyte as the source of bromide contamination. Chlorine peaks dominate
the NEGSIMS spectium of this sample, again confirming the existence of AgCl
on the reformed surfaces as noted in the AES analyses.

In that one purpose for undertaking this study was to chemically character-
ize the reformed silver surface as it relates to the anomalously intense Raman
scattering intensities for solution adsorbates such as pyridine, several samples
were prepared in which pyridine was incorporated in the electrolyte used during
the electrochemical treatment. Under no circumstances were NEGSIMS or POSSIMS
peaks detected which could be attributed to pyridine or silver-pyridine com-
plexes analogous to the argentated species recently reported for p-aminobenzoic
acid adsorbed on silver [24]. Moreover, dosing of sputter-cleaned silver foils
with pyridine in the SIMS apparatus also did not yield such species. This
suggests that the interaction of pyridine with silver metal is due to physical
adsorption, which allows for the facile removal of surface pyridine under UHV
conditions.

For the purpose of comparing the composition of the reformed layer with
that of the bulk foil precursor, dynamic SIMS conditions (7.5 uA/cm? primary
ion beam current density) were required owing to drastically reduced ion
yields. This reduction in ion yield (and most likely sputter yield) has two
possible origins [25]. The first is the diminution in the silver surface sites
which are in an oxidized form. The second is the formation of cones during
sputtering into the reformed layer or the bulk foil (Fig. 12).

The POSSIMS and NEGSIMS spectra observed after sputtering into the reformed
layer are given in Figs. 13A and 13B, respectively, and the corresponding spectra
for the bulk foil are Figs. 14A and 14B. There are several important distinc-

tions between the two cases. For the CN species the peak intensity is ca three
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times larger in the bulk foil. While sulfur is readily observed in the bulk
foll, it cannot be noted in the negative ion spectrum of the reformed layer.
The m/e 27 peak in the positive ion spectrum (Al+ or C3H3+) is notably higher
in the case of the foil (ca a factor of four). With the exception of sodium,
potassium, chromium, iron and fluorine, which are found to be at approximately
the same level in both sample types, all other species show higher intensity
peaks in the reformed layer. These include oxygen and C, at ca twice the
levels found in the bulk; Cu+, Ag+ and C1~ at ca ten times that observed in
the bulk and Br  at ca a thirty-fold higher level than in the bulk. A82+

is detectable in the POSSIMS spectrum of the reformed layer, but is absent in
the corresponding data for the bulk foil.

In summary, the SIMS results confirm the AES analyses, and they provide
further indication (due to the sensitivity of the technique) that the electro-
chemical reformation procedure is extremely effective in purifying the silver
foil electrodes. Those surface contaminates which are detectable on the
reformed layer via SIMS are attributable to either trace solution impurities
or silver halides which result from the interaction of oxygen with the silver
surface in the presence of soluble halide ifons. Furthermore, it is suspected
that the members of this latter group of surface species are not likely to be
present when the reformed electrodes are poised at cathodic potentials,
except possibly at extremely low steady state coverage when oxygen is present
in the electrolyte solution. Of primary importance is the elimination of

sulfide and cyanide surface species which would block the physisorption of

the Raman scatterers of interest, e.g., pyridine.




T —_——— -

- 15 -

AR ARIRARARERAAAARE

To determine 1{f the presence of high concentrations of oxygen in the

electrolyte solution during the reformation procedure gives rise to a sub-

{ stantially higher level of surface AgCl compared to cases where oxygen is

excluded from the solution (see Sec. 3.1), depth profiles using AES detection
were carried out on samples which were reformed in deoxygenated aqueous KC1

w (type G sample, Table 2), alr-saturated aqueous KCl1 (type H sample, Table 2)
| and oxygen-saturated aqueous KCl (type I sample, Table 2). The results

% presented in Fig. 15 show that in all cases the AgCl is primarily confined to
the surface of the nodular reformed silver layer, with the chlorine peak

rapidly decreasing to a relatively low level as the profiling proceeds. From

the results presented here, we cannot definitively identify the source of this

residual chlorine signal. It could arise from chlorine recombination with the

silver during sputtering; chlorine being knocked in during sputtering; the
surfaces of pores, voids and channels being uncovered during the sputtering

of such a rough surface (see Figs. 3 and 12); or a combination of these.

Although identical profiles are found for silver in the various sample types,

the chlorine profiles are differentiable on the basis of whether or not a

high concentration of oxygen was present during the electrochemical reformation
cycle (air or oxygen saturated conditions) or not (deoxygenated with nitrogen).
When the electrolyte was purged with nitrogen prior to the electrochemical cycle,
the initial level of the chlorine signal is lower and remains so during the
entire profile.

One trace specles, the concentration of which is significantly reduced

as a consequence of the reformation process, 1s cyanide. Fig. 16 shows a
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NEGSIMS depth profile across the interface (albeit ill-defined) of the
reformed layer and the bulk silver foil for the m/e = 24 and 26 peaks. The
former (C. ) is seen to grow to a maximum at the apparent interface and then
diminish as sputtering proceeds into the bulk foil substrate. On the other |
hand, the m/e = 26 peak (predominately CN ) grows as the interface is
approached, and it is nearly constant after the interface has been passed.
The slight decrease in this peak is indicative of a C,H, hydrocarbon contri-

bution to {it.

4. Discussion
AV GV VA VA VA VA VA VA VA VA VA Y

The foregoing results indicate that the electrochemical reformation pro-
cedure which is prerequisite to the observation of enhanced Raman scattering
of adsorbed species yields a surface of increased activity (both with respect
to adsorption and electron transfer) of spongelike silver which is of much
higher purity than the precursor surface. The surface analytical results
show unquestionably that sulfur and cyanide contaminate levels are drastically
reduced as a consequence of the electrochemical cycle. Although copper con-
tamination appears to take place during the cathodic step of this cycle (as a
consequence of electrodeposition from the electrolyte), the level of this
impurity is very low and could probably be eliminated by electrolytic
purification of the solution. The determination of the degree of purity with
respect to anionic solution species which readily form insoluble silver salts
(e.g., chloride and bromide) is complicated by the ease with which oxygen and

hydrogen peroxide oxidize metallic silver. It should be noted, however, that

at the cathodic potentials employed to maximize or modulate the Raman intensity

enhancement in the use of pyridine adsorbate [5-7,10,11), these silver salts are
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readily reduced to silver metal and the corresponding halide ion. As such,
in the absence of dissolved oxygen, AgCl and AgBr surface impurities (if present)
are completely depleted with an applied negative potential. In cases where an
oxidant such as oxygen or hydrogen peroxide (formed as an intermediate in the
reduction of oxygen) is present in solution following the reformation process,
the reaction of these molecules with metallic silver at cathodically poised
potentials would not lead to the formation of surface silver halideg. The
observation of silver halide on electrochemically reformed silver by the surface
analysis techniques is then simply an artifact of the coincident exposure of
these samples to aqueous chloride during removal from the electrochemical cell.
From a chemical point of view, the reforming process serves to purify
the silver surface, thus making the adsorption of any molecule or ion more
facile (i.e., more active adsorption sites per unit electrode area are
formed). 1In addition, from a physical point of view, the total electrode area
is increased by a factor of three or four, as a result of the nodular nature
of the reformed silver. The surface roughness which results from the electro-
chemical reduction is therefore quite high. This view of the surface provided
by surface spectroscopy and scanning electron microscopy supports those
theories of the enhancement of Raman scattering from these surfaces which
invoke the coupling of surface plasmon states to the excited states of the
adsorbates [26,27], just as surface roughness is required for the coupling of
electromagnetic radiation to these states [26,28,29]. In these theories, the

surface roughness is required to have a Fourier component at k = A~!, where )

Slf one chooses to think of the product of the chemical oxidation of metallic
silver as intermediate Ag+ surface states, then these are certainly reduced by
current flow to the surface more rapidly than they can react with solvated
halide ions at the electrode-electrolyte interface.
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is the excitation wavelength. This implies that the reformed silver surface
should appear to be colored, as the excitation wavelengths which have been used
are in the visible region of the spectrum. Indeed, the electrochemically
retormed silver surfaces described above have a creamy vellow appearance.

On the other hand, mechanical abrading [8,9,12] or inherent roughness of

vapor-deposited silver films [30] have apparently provided sufficient roughness
in experiments on adsorbed CN~ and CO, respectively. Using electrochemical
roughening, Pettinger and Wenning have found that the relative Raman intensity
increases monotonically to a factor of greater than 103 as the total charge
transferred is increased over the range 0.03 - 10 monolayers of silver [10]. We
have already described the microscopic changes in the surface that accompanies
this increase (Fig. 3). As far as we are aware, there is no theory of the Raman
enhancement in which this quantitative dependence of the scattered intensity on
the surface roughness has been accounted for.

[here has been one theory proposed for the anomalously high Raman intensi-
ties in one system which does not require any surface roughness [6]. According
to this theory, specific ion adsorption occurs in a layer intermediate to the
metal and the scattering adsorbate. The anomalous scattering intensity has
then been qualitatively ascribed to a chemical interaction between the adsorbate
and the ionic layer, i.e., the electronic structure of the adsorbate is modi-

tied so as to increase the Raman intensity. This theory, however, does not

account quantitatively for the observed intensity enhancement.
The surface spectroscopic studies reported here, however, show that the
reformed silver is in a state of extraordinary chemical purity. It is primarily

a silver surface, quite free of oxygen, sulfur, cyanide and other typical

impurities. Some chloride is present as AgCl, resulting from the simultaneous
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exposure of the silver surface to oxygen and aqueous chloride. Moreover, depth
profiling shows that the AgCl is primarily confined to the surface of the
reformed silver.

If any surface chloride is present, however, consideration should be
given to the possibility that the adsorbed Cl™ may itself inelastically
scatter radiation (i.e., as AgCl). This possibility is important since all
Raman studies of electrochemically reformed silver have noted the appearance
of a line at V240 cm™!, which is not due to pyridine, as it is easily detected
when pyridine is absent [11].

The infrared absorption spectrum of solid AgCl has its maximum at
103 em=! [31]. As is well known, the observed transverse optical (TO) mode
of the AgCl crystal (which has the rock salt structure) is the sum of a
mechanical frequency wg and an electromagnetic (dipole-dipole) coupling term,
which shifts and splits the triply degenerate (Flu) optical branch at k = 0
into the TO and the longitudinal optical (LO) mode [32]. The coupling can be

calculated exactly, and it can be shown to be approximately 114 em~ L,

From
the observed frequency and these calculations, W, is found to have the value
of 81 em™!. o is related to the nearest-neighbor Ag-Cl stretching force con-

stant, f, by

w?=2f(! + )

where M and m are the Ag and Cl masses, respectively [33].
The Ag-Cl stretching force constant, together with the dipole-diple coupling

that occurs within one layer of AgCl, can be used to calculate a "single layer

1

frequency," which can then be compared to the observed Raman line at 240 cm™

[34]. 1In this calculation, the image effects first discussed by Delanaye,

w~~ - PP e 1 A 1 e v - reirpan PP
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Lucas and Mahan [35] were utilized. The intrinsic dipole moment as well as
the induced moment due to both the externally applied field and the field pro-
duced at the source molecule by the dipoles of all other molecules in the
lattice (adsorbed layer + image) were included. The result is that the

calculated vibrational frequency of a AgCl layer, taking into account both

dipole-dipole coupling and image effects, is 140 em~!., The calculation makes
use of an effective ionic charge (dipole derivative) for AgCl equal to

51.2 esu g-&, which was derived by Jones, et al from dielectric dispersion

and infrared transmission experiments on thin crystals of AgCl [31]. However,
if the effective charge for AgCl in a monolayer were Y2 that in the bulk
crystal, the calculated Raman frequency for a monolayer would be approximately

'3

200 em~!. Agreement within a factor of 22 with the effective charge as
determined from dielectric dispersion and transmission experiments on the
bulk AgCl crystal in the far infrared is reasonable, and we are therefore
in'lined to assign the observed 240 cm~! line as due to AgCl. Furthermore,
in a study of CN~ adsorbed on Ag, a Raman line was observed at 226 em™ L,

which was assigned to the Ag-C stretching mode [12]. Because of the chemical

similarity of AgCl and AgCN, this assignment is probably also correct.

The ease with which trace C1~ and adsorbed CN can be detected by Raman
spectroscopy is another example of the intensity enhancement phenomenon which
occurs at a metal surface [27]. The detection of adsorbed Cl  on silver by
Raman spectroscopy is significant because it was carried out on a surface
that was well-characterized by AES and SIMS. The fact that trace ions can thus
be detected in situ, on a metal in contact with aqueous electrolyte, gives

Raman spectroscopy a number of advantages over all particle spectroscopies, in




[

which the sample must be withdrawn from the electrolyte, washed and dried
thoroughly, and then studied under ultrahigh vacuum conditions. In carrying
out these operations, it is possible if not probable that the nature of the
surface is changed. None of the particle spectroscopies can directly yield

structural information, and all of them are damaging to the sample in some

respect.
In this study, however, the’particle spectroscopies used were of great
value, in that they enabled independent chemical and physical characterization
of the electrochemically reformed silver Surfaces. As a result of the combined
study of this surface using both particle and Raman spectroscopy, we have been
able to show that this particular surface is of extraordinary cleanliness.
The only significant surface contaminate has been shown to be Cl , and the
in situ observation of a strong Raman line at 240 cm~! (5 x 10" counts/sec) on
a polycrystalline silver surface which has simply been etched in aqueous KCl [11],

is consistent with these determinations, and is a notable achievement.
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TABLE 1. Preparative Procedures
Step Description
1 Mechanical abrasion with grit number 320A, then number 600
abrasive paper.
2 Ultrasonic cleaning in doubly distilled water for 15 min., twice;
then air dried.
3 KC1l exposure (to provide a KCl covered surface) by twice dipping
in 0.1 M KC1 followed by air drying.
4 Controlled potential anodization via linear sweep from -0.550 V
to +0.200 V at 1 mV/s?. (Charge passed ca 500 nC/cm?)P
5 Controlled potential cathodization via linear sweep from +0.200 V
to -0.57" V at 1 mV/s3.
6 Immediate washing with doubly distilled water followed by ultrasonic
cleaning in same for 5 min., then air dried.
7 Ultrasonic treatment for 15 min. in either (a) deoxygenated 0.1 M

KCl, (b) 0, saturated 0.1 M KCl or (c) air saturated 0.1 M KCl con-
taining ca 2 x 10=* M Hj0,; followed by ultrasonic cleaning as in b
above.

35olution conditions were varied, and are described in Table 2.

bThick reformed layers were employed unless otherwise noted (see text).

E,
|
|
|
i
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Table 2.

Summary of Sample Preparation

Sample Typea

Sample Preparation Sequenceb

A

B

1-2

1-3

1-2, 4, 6; anodization carried out in deoxygenated 0.1 M KCI.
1-2, 4, 6; anodization carried out in deoxygenated 0.1 M KC10,,
anodic potential limit was +0.400 V, after sweep potential was
held at this limit for 30 min.

1-2, 4-5; anodization and cathodization carried out in air
saturated 0.1 M KC1, washed with doubly distilled water (no

ultrasonic treatment), air dried.

1-2, 4-5; anodization and cathodization carried out in air-
saturated 0.1 M NaCl.

1-2, 4-6; anodization and cathodization carried out in
deoxygenated 0.1 M KC1.

1-2, 4-6; anodization and cathodization carried out in air-
saturated 0.1 M KCl.

1-2, 4-6; anodization and cathodization carried out in
oxygen-saturated 0.1 M KC1,

n general at least 2 samples (typically 4-5) of each type were characterized.

bPreparatLve procedures are given in Table 1.




Table 3. Comparison of AES peak-to-peak intensity ratios extrapolated to
zero electron beam exposure time for various preparations

Surface Description Sample Typea Average AES Intensity Ratiosb
Cl/Ag S/Ag c/agt
Silver chloride C 1.98 d d

Reformed in oxygen-free
KC1 solution G 0.27 d e

Reformed in air-saturated
KCl solution H 0.39 d e

Reformed in Oj;-saturated
KC1 solution I 0.40 d e

Ultrasonically treated in
oxygen-free KCl solution J 0.32 0.22 0.28

Ultrasonically treated in
O,-saturated KC1 solution K 0.41 0.25 0.16

Ultrasonically treated in
KC1l solution containing
0.2 mM H,0, L 1.94 d d

aSample preparations detailed in Table 2.

bRatios are from peak-to-peak height for the following transitions: S-150 eV,
C1-150 eV, C-270 eV and Ag-350 eV. All analyses carried out at a primary
beam energy of 1 KeV and a beam current of 5 pA with the analyzer modulated
at 3 eV.

“Where possible C was quantitated by correction for overlap with the Ag transi-
tion at 266 eV.

dNot detected.

e
Trace detected, intensity too low to quantitate.




Table 4. Peak Assignments for SIMS
Positively Charged Negatively Charged
w/e Specles Species
12 ct ¢
13 cut CH™
14 ci,’
16 o
17 OH
19 F
23 Nat
24 Cy
25 CoH™
26 CoHy , CN™
27 a1*, c,u;
32 S . D5
35, 37 at c1”
39, 41 K
40 ca¥, Ar
52 s2¢c+
56 56Fet
63, 65 ca'
70, 72, 74 c1,”
78, 80, 82 Ky
79, 81 Br~
107, 109 agt
109, 111 3%ke1,”
113, 115 39g,c1"
114, 116, 118 ClBr
124, 126 Agon”
133, 135 AgCN™
142, 144, 146 age1” AgC1”
146, 148 3%agt
181, 183, 185 39kagc1t
214, 216, 218 gyt
249, 251, 253, 255 agoc1t




Figure Captions

k.

10.

i1.

Cyclic voltammetric response for the reformation cycle carried out in 0.1 M
aqueous KCl: A - deoxygenated solution (N, purge) and B - oxygen-saturated
solution. Scan rate was 1 mV/s.

Cyclic voltammetry for oxygen reduction to 0.1 M aqueous KCl: A - oxygen-
free solution at mechanically abraded silver foll (type A surface, see
Table 2), B - oxygen-saturated solution at same electrode, C - oxygen-
saturated solution at electrochemically reformed silver surface (type G
surface, see Table 2). Scan rate in all cases was 50 mV/s.

Scanning electron micrographs of reformed silver surfaces: A - 50 mC/cm?
charge passed, magnification x 10“; B - 500 mC/cm? charge passed, magnifi-
cation x 10“; and C - 500 mC/cm? charge passed, magnification x 10°.

AES spectrum of mechanically abraded silver foil (type A sample, Table 2).
Primary beam voltage: 3 KeV, beam current: 20 pA, analyzer modulation:
3 eV.

AES spectrum of reformed silver foil not subjected to ultrasonic cleaning
(type E sample, Table 2). Analysis parameters as for Fig. 4.

AES spectrum of reformed silver foil subjected to ultrasonic cleaning
(type H sample, Table 2). Analysis parameters as for Fig. 4.

AES spectrum of silver chloride film grown anodically of silver foil
(typc C sample, Table 2). Analysis parameters as for Fig. 4.

Comparison of electron beam and argon ion beam damage incurred by anodically
grown silver chloride film (type C sample, Table 2). Curve A - AES analysis
during ion bombardment; AES primary beam energy: 1 KeV, primary beam
current: 5 pA, analyzer modulation: 3 eV; Art ion beam energy: 1 KeV,

ion current density: 30 puA/cm?. Curve B - as curve A without ion bombard-
ment. Ag and Cl peak-to-peak intensity measured for transitions at 350 and
180 eV, respectively.

A: Static POSSIMS spectrum of silver foil anodized in aqueous KCl solution
(type C sample, Table 2). B: Static NEGSIMS spectrum of silver foil
anodized in aqueous KCl solution (type C sample, Table 2). Analysis
conditions: primary ion beam -1 KeV argon at 15 nA/cm’.

A: Static POSSIMS spectrum of electrochemically reformed silver surface
(aqueous KC1l) not washed ultrasonically (type E sample, Table 2).

b: Static NEGSIMS spectrum of electrochemically reformed silver surface
(aqueous KCl) not washed ultrasonically (type E sample, Table 2). Analysis
conditions identical to those of Fig. 9.

A: Static POSSIMS spectrum of electrochemically reformed silver surface
(aqueous KCl) ultrasonically washed after preparation (type H sample, Table 2).
B: Static NEGSIMS spectrum of electrochemically reformed silver surface
(aqueous KC1) ultrasonically washed after preparation (type H sample, Table 2).
Analysis conditions identical to those of Fig. 9.




12,

13.

l4.

15.

16.

Scanning electron micrographs of ion bombarded silver surfaces: A - in
the reformed silver layer, magnification 2 x 10“; B - in the bulk foil,
magnification x 103.

A: Dynamic POSSIMS spectrum in the reformed silver layer (type H sample,
Table 2). B: Dynamic NEGSIMS spectrum in the reformed silver layer (type
H sample, Table 2). Analysis conditions: primary ion beam -1 KeV argon
at 7.5 puA/cem?.

A: Dynamic POSSIMS spectrum in the bulk silver foil (type A sample, Table 2).
B: Dynamic NEGSIMS spectrum in the bulk silver foil (type A sample, Table 2).

Analysis conditions identical to those of Fig. 13.

AES depth profiles for silver surfaces reformed electrochemically under
different solution conditions: A - deoxygenated aqueous KCl (type G sample,
Table 2). B - air-saturated aqueous KCl (type H sample, Table 2) and

C - oxygen-saturated KCl (type I sample, Table 2). Primary beam for AES

was 1 KeV at 5 pA target current. Silver transition at 350 eV and chlorine
transition at 180 eV were monitored. Sputtering conditions were argon at

1 KeV and 25 pyA/cm? for all samples.

NEGSIMS depth profile of m/e = 24 and 26 across the reformed silver
layer/bulk silver foil interface. Primary ion beam was 1 KeV argon at
500 puA/cm?. The sample was of type G (Table 2) and had been sputtered
for several hours prior to recording this profile.
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